Comparative analysis of ribosomal RNA (rRNA) sequences has elucidated phylogenetic relationships. However, this powerful approach has not been fully exploited to address ribosome function. Here we identify stretches of evolutionarily conserved sequences, which correspond with regions of high functional importance. For this, we developed a structurally aligned database, FLORA (full-length organismal rRNA alignment) to identify highly conserved nucleotide elements (CNEs) in 23S-28S rRNA from each phylogenetic domain (Eukarya, Bacteria, and Archaea). Universal CNEs (uCNEs) are conserved in sequence and structural position in all three domains. Those in regions known to be essential for translation validate our approach. Importantly, some uCNEs reside in areas of unknown function, thus identifying novel sequences of likely great importance. In contrast to uCNEs, domain-specific CNEs (dsCNEs) are conserved in just one phylogenetic domain. This is the first report of conserved sequence elements in rRNA that are domain-specific; they are largely a eukaryotic phenomenon. The locations of the eukaryotic dsCNEs within the structure of the ribosome suggest they may function in nascent polypeptide transit through the ribosome tunnel and in tRNA exit from the ribosome. Our findings provide insights and a resource for ribosome function studies.
INTRODUCTION
All cells require a system for storing and extracting biological information, and the basic aspects of this system are conserved in all forms of life. Ribosomes are large macromolecular machines that function toward this requirement as the conserved site of protein synthesis. Structural studies of the ribosome have shown that the active site of peptide bond formation is composed solely of ribosomal RNA (rRNA) . This underscores the central role of rRNA in translation and the probability that the initial ribosome in early evolution was composed only of rRNA (Moore and Steitz 2010; Noller 2012; Petrov et al. 2014b ). The evolution of rRNA sequences as deduced through sequence comparisons has provided a wealth of information about phylogenetic relationships, including a revised tree of life containing three primary domains: Bacteria, Archaea, and Eukarya (Woese et al. 1990) .
Phylogenetic comparisons of rRNA from various species have been used to tremendous advantage for phylogenetics to derive taxonomic relationships (Yarza et al. 2010; Yilmaz et al. 2014) and to develop secondary and tertiary structures based on covariation ; http://www.rna. icmb.utexas.edu), but have been less mined to understand the function of ribosomes. With regard to ribosome structure, studies revealed that although the rRNA primary sequence largely differs, a universal core secondary structure is maintained by compensatory base changes (Clark et al. 1984; Gutell et al. 1994) . The insertion of expansion segments (Gerbi 1996) , which accounts for the increased length of rRNA in Eukarya compared with Bacteria and Archaea, exemplifies domain-specific features that are superimposed on the conserved secondary structure of rRNA. The presence of domain-specific features suggests that, outside of the catalytic core, rRNA may have domain-specific stretches of sequence adapted for specialized functions in each evolutionary lineage. However, this idea is largely unexplored. Overall, our understanding of the universally conserved characteristics of the ribosome is much deeper than our knowledge of the domainspecific characteristics.
As a step toward fully characterizing the specialized features of the ribosome in each domain of life, we have compared 23S-28S rRNA sequences in a new structurally aligned database that we curated to represent the phylogenetic diversity within all three domains. We present the de novo identification and quantitative characterization of conserved nucleotide elements (CNEs) in rRNA of the large ribosomal subunit for each of the three phylogenetic domains of life. Unlike a previous study that identified individual nucleotides that are conserved in Bacteria and Archaea (Roberts et al. 2008) , we included Eukarya to identify rRNA sequence conservation in all three domains of life. Moreover, in order to identify potential RNA-and protein-recognition sequences, we have searched specifically for conserved regions at least 6 nucleotides (nt) in length. We identified 57, 48, and 49 CNEs in 23S-28S rRNA of Eukarya, Archaea, and Bacteria, respectively. Of these, 23 CNEs are universally conserved (uCNEs) in structural position and sequence in all domains of life, with 10 of these ≥90% conserved in sequence. Many uCNEs map to regions of rRNA with established functions such as the peptidyl transferase center. However, unexpectedly, some uCNEs reside in areas with no functions identified to date. This underscores the value of our approach to identify new areas in rRNA of potential functional importance. In addition, we also discovered domain-specific (ds) CNEs that are highly conserved in one domain of life but degenerate in the other domains. The majority of the dsCNEs are in Eukarya, suggesting eukaryotic-specific functions of rRNA and consistent with observations of eukaryotic-specific differences in translation (Wilson and Doudna Cate 2012) . Together, these analyses represent a new framework and resource for future investigations on the assembly, structure, and function of ribosomes.
RESULTS

FLORA:
The customization of rDNA alignments for unbiased identification of conserved elements
In order to discover stretches of conserved sequences in rRNA, we produced a global sequence alignment with broad phylogenetic representation from each domain of life. Several databases exist for rRNA sequences, but often they only include the small ribosomal subunit rRNA, lack eukaryotic sequences, or are not compatible with high-throughput computational analysis. We chose ARB/SILVA for our study because it provides the most comprehensive resource of quality-validated rRNA sequences from Bacteria, Archaea, and Eukarya (Pruesse et al. 2007; Yarza et al. 2010; Quast et al. 2013; Yilmaz et al. 2014) . The ARB alignment integrates information from earlier structure-function studies (data from H Noller and R Brimacombe as per Frank Oliver Glöckner, pers. comm.), verified 2D models of rRNA structure Gutell et al. 2002) and 3D structure based on X-ray crystallography data (Kumar et al. 2005 (Kumar et al. , 2006 . Recent analysis has shown that ARB/SILVA and CRWAlign outperformed seven other programs for rRNA alignment of high accuracy (Shang et al. 2013) . Although alignments may encounter difficulties in regions of sequence variability, this is of lesser concern to us because our focus is on highly conserved sequences.
As our starting point, the thousands of sequences in the complete SILVA LSU Reference database of 23S-28S rRNA were cataloged into three position-tree servers according to phylogenetic domain. Several parameters were then used to produce a global alignment containing only complete 23S-28S rRNA sequences: (i) All sequence data containing the term "partial" or "shotgun" in their abstract were eliminated; (ii) sequences were only included if they contained the highly conserved sarcin-ricin loop (SRL) sequence at the 3 ′ end of 23S-28S rRNA (Chan et al. 1983) ; and (iii) in addition, to avoid phylogenetic biases stemming from the multiple entries for a single species in the SILVA LSU Reference database, all duplicate species entries were eliminated such that the final data sets contain only one full-length rRNA sequence per species. These steps reduced the number of large ribosomal subunit sequences to 342 (Eukarya), 915 (Bacteria), and 86 (Archaea), which is more than double the number of entries for each domain of life as used in a previous rRNA database (http://www.rna.icmb.utexas.edu). Our refined data set represents a Full-Length Organismal rRNA Alignment (FLORA) that represents a broad distribution of organisms from the tree of life (Supplemental Fig. S1 ) and is optimized for comprehensive, global discovery of stretches of conserved sequences. FLORA is publicly available at http://apollo.chemistry.gatech.edu/FLORA.html.
Identification of conserved nucleotide elements (CNEs) in the large ribosomal subunit within each domain of life Previously, the degree of conservation of each nucleotide within RNA has been quantified (http://www.rna.icmb. utexas.edu/SAE/2A/nt_Frequency/SB/index.php). However, quantification was not done for stretches of conserved nucleotide elements (CNEs) in rRNA and would be difficult because the number of samples differ for each nucleotide position in that database. Moreover, discovery of stretches of conserved nucleotides presents unique challenges owing to the variable lengths of insertions throughout the 23S-28S molecule, especially in eukaryotes. Much of this variation is due to expansion segments that lack conservation in length and sequence (Gerbi 1996) . To overcome the problem of rRNA length variation, we used structural filters. A representative model organism was chosen from each domain for the structural filter, producing a database where all alignment columns are structurally homologous to the filtering organism, insertions are excluded, and deletions are held by gaps. This allowed us to compare orthologous positions in rRNA that descended from the same structure throughout evolution. We tested for stretches of conserved sequences in the structurally aligned FLORA database for each domain of life using information content (IC) scores ≥10.99 that approximate ≥90% throughout the entire domain. We imposed a minimum length of 6 nt with no maximum length in order to select for biologically significant stretches of conserved sequences that may act as either protein-or RNA-binding sites. When carried out separately for each of the three domains of life, 57 eukaryotic conserved nucleotide elements (eCNEs) were identified (Supplemental Table S1A ), 48 archaeal CNES (aCNEs) (Supplemental Table S1B ), and 49 bacterial CNEs (bCNEs) (Supplemental Table S1C ) of various lengths up to 69 nt in rRNA of the large ribosomal subunit. In some cases, two adjacent CNEs may be separated by only a few nonconserved nucleotides. To identify any biases imposed by structural filters, CNE discovery was repeated using a different filtering organism for each domain of life, chosen from a phylogenetic kingdom that was distant from the first. Both sets of filters discovered the same set of CNEs, with only a few cases where the boundaries changed slightly (Supplemental Table S1A-C). An identical conserved sequence discovery algorithm conducted on 500 randomized FLORA alignments shows that CNEs are exceptionally well-conserved above background, with CNEs ≥8 nt long showing the lowest false discovery rates (FDRs) (Supplemental Table S2 ). Thus, the CNEs represent the highly invariant and evolutionarily fixed core of rRNA sequence elements within each domain of life.
Identification of universally conserved nucleotide elements (uCNEs)
We used homology modeling to position the CNEs from each domain of life onto the secondary structure of rRNA for Eukarya ( Fig. 1) , Archaea (Fig. 2) , and Bacteria (Fig. 3) . For ease in comparison to other published results, the CNEs are drawn on the classical secondary structure model of 23S-28S rRNA (adapted from Cannone et al. 2002 ; http:// www.rna.icmb.utexas.edu/SAE/2B/ConsStruc/#rRNA). The important recent revision of the secondary structure model (Petrov et al. 2013 ) is overall the same as the classical model but includes Domain 0 with helices 25a and 26a; these changes do not alter our data. Although less than half of the CNEs discovered in one domain overlap in structural position with CNEs in the other domains of life, there were 23 universal CNEs (uCNEs) of conserved sequence stretches that are structurally conserved in their position in rRNA in all forms of life (Fig. 4) . We quantified the sequence conservation of the 23 uCNEs (Table 1) ; the majority of the universal CNEs display at least 80% sequence conservation in all Table S1A. three phylogenetic domains with only four exceptions, and 10 of the 23 uCNEs display over 90% sequence conservation across all forms of life. Because there are various degrees of structural overlap between CNEs from the three domains of life, the uCNE length is often shorter than that of the CNEs from the three domains ( Supplemental Fig. S2) ; therefore, the nucleotide coordinates will differ slightly between Table 1 and Supplemental Table S4 . The uCNEs are of high Table S2 ), and, as expected, many of them reside within regions important for translation, thereby validating our methodology. These include the peptidyl transferase center (uCNEs 6, 8, and 9) and regions that undergo conformational changes such as the sarcin-ricin loop (uCNE10), GTPase-associated center (uCNE20), and bridges between the ribosomal subunits (uCNE4 and uCNE5) ( Fig. 4 ; Supplemental Table S3) . Interestingly, however, some universal CNEs do not correspond to sites of known function, demonstrating the power of our approach to highlight as-yet-uncharacterized features of the ribosome warranting future study.
Identification of domain-specific conserved nucleotide elements
By definition, all CNEs are approximately ≥90% conserved within their respective phylogenetic domains, but by conducting cross-domain analysis, we examined how well each CNE is conserved in the other two domains of life (Supplemental Table S4 ). We calculated the degree of sequence conservation for each CNE as compared with its structural homologs in the other two domains. As evident from conservation heatmaps (Fig. 5) , CNEs demonstrate varying degrees of sequence degeneracy between phylogenetic domains. The most degenerate of these sequences (<50% sequence conservation) are identified as domain-specific CNEs (dsCNEs). There are nine dsCNEs in Eukarya, two dsCNEs in Bacteria, and one dsCNE in Achaea. Therefore, domain-specific CNEs are largely a eukaryotic phenomenon (16% of all CNEs in Eukarya are dsCNEs compared with 4% in Bacteria and 2% in Archaea). Thus, the identification of dsCNEs focuses attention on special features that may play unique roles for ribosome biogenesis and function in eukaryotes (see Discussion; Supplemental Table S5 ). Moreover, the locations of uCNEs and dsCNEs in the higher-order structure of the ribosome (Fig. 6 ) are suggestive of their functions.
Of the 57 CNEs in Eukarya, nine are domain-specific and 23 contain universal CNEs (10 of which are conserved >90%), whereas the remaining 25 (44%) decrease on a continuum between dsCNEs and uCNEs and generally have 60%-80% conservation as compared with the two other domains of life.
DISCUSSION
The high-resolution structure of the ribosome in Bacteria and Archaea Schluenzen et al. 2000; Wimberly et al. 2000; Yusupov et al. 2001) and recently in Eukarya (Ben-Shem et al. 2010 Klinge et al. 2011; Rabl et al. 2011 ) by X-ray crystallography as well as by cryo-EM (Anger et al. 2013; Voorhees et al. 2014 ) allows functional roles to be deduced based on their topographic position. Xray crystallography offers snapshots of the dynamic ribosome, which undergoes conformational changes during translation (Noeske and Cate 2012) , as first visualized by cryo-EM (Frank and Agrawal 2000) . Conformational changes in the ribosome during translation reflect changes in tertiary interactions, whereas secondary structure interactions remain relatively stable (Schmeing and Ramakrishnan 2009) . Secondary structure interactions are maintained by covariation where compensatory base changes retain the helical structure; in contrast, the majority of nucleotides involved in tertiary interactions do not covary with one another (Shang et al. 2012 ). The approach we describe here has the power to identify conserved sequences in rRNA that can be of functional importance, including in those conformers of the ribosome not yet visualized by X-ray crystallography. Since the heart of the ribosome is rRNA, understanding its role requires the discovery of which nucleotides are essential for ribosome function. Evolutionary comparisons provide a method to identify sequences within rRNA that are vital for its function. Over evolutionary time, mutations accumulate in nonfunctional nucleotides, whereas sequences important for function are maintained by natural selection. In this study, we have developed methodology to identify stretches of conserved sequences in the large ribosomal subunit rRNA. The fact that we found previously known regions of rRNA required for translation validates our approach for identifying stretches of conserved nucleotides of potential functional importance. We began by establishing FLORA, with full-length and nonredundant rRNA sequence entries derived from ARB/SILVA, where they are aligned according to secondary structure. We identified conserved nucleotide elements (CNEs) ≥6 nt from each of the three domains of life that have an IC score of >10.99; they are approximately ≥90% conserved in 23S-28S rRNA. Sequence comparisons between the three domains allowed us to discover universal CNEs (uCNEs) and other CNEs that are domain-specific (dsCNEs). An advantage of using ARB/ SILVA as our starting point is that it is tied to a well-established phylogenetic tree, allowing future studies to use our approach to identify conserved rRNA sequences that are unique within a subgroup of a domain of life.
Universal CNEs (uCNEs)
We have identified 23 uCNEs that are conserved in their sequence and secondary structural position in 23S-28S rRNA in all three domains of life (Fig. 4) . Of these, 10 uCNEs are ≥90% conserved in primary sequence in the three domains of life (Table 1 ), suggesting that they are essential for the ribosome. When superimposed on the X-ray crystal structure of the yeast 60S ribosomal subunit (Ben-Shem et al. 2011) , it can be seen that these uCNEs are centrally clustered and mostly at the subunit interface where many ribosome activities occur (Fig. 6A) . Placement of the uCNEs on the higherorder structure of the large ribosomal subunit concurs with earlier data based on individual nucleotide conservation (Mears et al. 2002) . Bridges between the two ribosomal subunits (Spahn et al. 2001) help to coordinate their activities and conformational changes. Of the 12 bridges universal to all domains of life, two-thirds involve the large ribosomal subunit rRNA (BenShem et al. 2010 (BenShem et al. , 2011 . Almost all of the 23S-28S rRNAcontaining universal bridges coincide with CNEs that cluster in the secondary structure of 23S-28S rRNA (Supplemental Table S3 ), expanding the earlier suggestion that the universal bridges are conserved (Mears et al. 2002) . Most of the bridgecontaining CNEs coincide with uCNEs, including two (uCNE4 and uCNE5) that are universally ≥90% conserved in sequence. Since contact sites have been mapped for only a few of the ribosome states of conformational changes during ratcheting, some of the uCNEs in the bridge region may reflect inter-subunit contact sites that are yet to be discovered. In contrast to the universal inter-subunit bridges, the additional eukaryotic-specific bridges (Spahn et al. 2001 ) involve interactions with expansion segment rRNA or eukaryotic-specific ribosomal proteins and not CNEs. Moreover, unlike the situation in bacteria, proteins play the major role in eukaryotic-specific bridges (Yusupova and Yusupov 2014) .
Many universal CNEs are located in areas of known function for protein synthesis by the ribosome, thus supporting the validity of our methodology and in agreement with earlier studies on evolutionary conservations of these regions (Mears et al. 2002) . For example, the peptidyl transferase center (PTC) (Polacek and Mankin 2005) , where peptide bond formation occurs in the large ribosomal subunit, is made up almost exclusively of uCNEs, including uCNEs 6, 8, and 9 that are ≥90% conserved in sequence in all domains of life. Another site of functional importance is the sarcin-ricin loop (SRL), which anchors elongation factor G (EF-G) on the ribosome during mRNA-tRNA translocation (Shi et al. 2012) . The SRL coincides with uCNE10, which is conserved in ≥90% of rRNA sequences in all three domains of life. The GTPase-associated center (GAC), which is near to the SRL in the three-dimensional structure of the ribosome (Li et al. 2006) , contains uCNE20. The GAC activates the GTPase activity of translation factors including EF-G. Like the intersubunit bridges, the GAC also undergoes conformational changes (Gao et al. 2009; Li et al. 2011) , and uCNEs map to both these regions of conformational mobility.
While many of the uCNEs correspond to regions of known function in the ribosome, the importance of our approach is the discovery of uCNEs that are in regions of 23S-28S rRNA of unknown function. Most of these map to the 5 ′ half of the molecule. Of special interest are uCNEs 1-3 that are ≥90% conserved in sequence in all three domains of life and doubtless play vital roles that have not yet been determined. They underscore the power of our analysis to identify new areas of the ribosome of likely great functional importance that are worthy of future study.
Domain-specific CNEs (dsCNEs)
Of the CNEs found in each domain (eCNEs, aCNEs, bCNEs), only a subset of them are universally conserved in all forms of life (uCNEs), and the remainder show varying degrees of sequence degeneracy when compared between domains ( Fig. 5 ; Supplemental Table S4 ). Those that have ≤50% sequence Table S5. conservation between domains are termed here domain-specific CNEs (dsCNEs) and may play important roles unique to ribosomes from that domain of life. This is the first report of stretches of conserved sequence in rRNA that are domainspecific. The dsCNEs agree well with data of individual nucleotide conservation compared between each of the three domains of life (http://www.rna.icmb.utexas.edu/SAE/2A/ nt_Frequency/SB/index.php), but no comment was made earlier about dsCNEs as a class. In contrast to the one or two dsCNEs found in Archaea and Bacteria, respectively, there are nine dsCNEs in Eukarya ( Fig. 1; Supplemental Table S4 ). The eukaryotic dsCNEs correspond in all but one case to regions of rRNA hypothesized to have arisen in the second half of the evolution of the large ribosomal subunit (stages 4 and beyond in Petrov et al. 2014b ). Both dsCNEs and expansion segments (which are thought to have arisen even later in ribosome evolution; Petrov et al. 2014b ) are largely eukaryotic phenomena, but dsCNEs have structural (but not sequence) homologs in all three domains of life and the expansion segments do not. When superimposed on the X-ray crystal structure of the yeast 60S ribosomal subunit, the eukaryotic dsCNEs are arranged as a semi-circle cluster (Fig. 6B) , reminiscent of expansion segments and eukaryotic-specific ribosomal proteins that associate with this ring (Ben-Shem et al. 2011) .
Eukaryotic-specific CNEs might play a role in ribosome maturation that appears to be more complex than in the other domains of life. For example, eukaryotic CNEs 47, 48, 49, and 50 include helices 82, 83, 84, and 86 that undergo major rearrangements during biogenesis of the large ribosomal subunit (Leidig et al. 2014) , and CNE50 is domain-specific to eukaryotes.
In addition to possible roles in ribosome maturation, eukaryotic-specific CNEs may play roles in translation. Although many aspects of translation are conserved in the three domains of life, differences also occur (Wilson and Doudna Cate 2012) . The dsCNEs could help to mediate these variations in translation that are unique to one domain of life.
The eCNEs 42 and 43 are part of the ribosomal protein L1 stalk whose conformational changes (Cornish et al. 2009; Munro et al. 2010; Budkevich et al. 2011 ) play a role in the discharge of tRNA from the exit site (E site) of the ribosome (Korostelev et al. 2008; Cornish et al. 2009; Trabuco et al. 2010) , promoted by eEF3 in eukaryotes (Andersen et al. 2006) . Moreover, eCNE43 is a dsCNE that is uniquely conserved in Eukarya, suggesting its eukaryotic-specific functional role to evacuate tRNA from the ribosome. This complements the idea that the E site for tRNA on the ribosome evolved relatively late (Schmeing et al. 2003; Selmer et al. 2006; Bokov and Steinberg 2009) , as reflected in E site differences between the domains of life (Dunkle et al. 2011) .
Recently, the secondary structure of the large ribosomal rRNA has been redrawn to include helices 25a and 26a with noncanonical base pairs as part of Domain 0 that centrally anchors the other domains (Petrov et al. 2013) , rather than the earlier depiction of long single-stranded regions. Domain 0 is a conserved structural feature in all forms of life and is validated by X-ray crystallography and cryo-EM data (Petrov et al. 2013 . Our results demonstrate that eCNEs 4, 23, 24, and 40 fall within Domain 0. eCNE4 includes helix 25a and eCNEs 24 and 40 include helix 26a. eCNE23 is part of helix 26 that has been appropriated into Domain 0. Interestingly, eCNEs 23 and 40 are dsCNEs whose sequences are conserved in all Eukarya but not when compared with Archaea or Bacteria. This suggests that primary sequence constraints have been superimposed in eukaryotes upon this region whose secondary structure is universally conserved in the three domains of life.
Domain 0 coincides with the entry and early portion of the ∼100 Å long tunnel of the large ribosomal subunit. Many eCNEs coincide with the tunnel. Nascent polypeptides leave the PTC of the large ribosomal subunit via this tunnel (Frank et al. 1995; Gabashvili et al. 2001 ) whose walls are primarily composed of rRNA Nissen et al. 2000; Harms et al. 2001; Jenni and Ban 2003) . The 10-20 Å narrow diameter of the tunnel precludes much folding of the nascent polypeptide beyond the formation of α helices (Voss et al. 2006; Voorhees et al. 2014) . There is enormous overlap of the eCNEs with rRNA stretches that compose the tunnel . Even more noteworthy is the congruence of the domain-specific eCNEs 14, 16, 23, and 40, accounting for about half of the sequences that are ≥90% conserved in all Eukarya but very degenerate in the other two domains of life. These observations suggest that these dsCNEs in eukaryotic ribosomes may play a heretofore unknown function for the traffic of nascent polypeptides through the tunnel. The tunnel monitors the structure of the nascent peptide, and specific peptides can signal the ribosome to decrease the rate of elongation or stop translation (Nakatogawa and Ito 2002; Seidelt et al. 2009; Cruz-Vera et al. 2011; Vázquez-Laslop and Mankin 2011; Wilson and Beckmann 2011; Ito and Chiba 2013) . It is conceivable that this signaling mechanism is further elaborated in Eukarya mediated by the eukaryotic-specific dsCNEs that coincide with the tunnel.
A classic example of translational stalling in Eukarya occurs when the signal recognition particle (SRP) binds to the signal sequence peptide as it emerges from the ribosome tunnel; this translational arrest is relieved after membrane docking and transfer to the translocon has occurred (for review, see Akopian et al. 2013) . Some studies suggest that the presence of a signal anchor sequence still within the tunnel can allosterically recruit SRP in eukaryotes as a labile intermediate (Flanagan et al. 2003; Berndt et al. 2009 ), though this view has recently been challenged (Noriega et al. 2014a,b) . A slowdown in translation efficiency of the transmembrane segment occurs while this peptide is still within the ribosome tunnel (Pechmann et al. 2014) . The recruitment of SRP by a peptide within the tunnel is independent of the signal sequence in Bacteria (Bornemann et al. 2008; Holtkamp et al. 2012) , thus highlighting the possibility that eukaryotic domain-specific CNEs that coincide with the tunnel may play a role in this process.
SRP-independent ribosome targeting to the endoplasmic reticulum can occur, most of which is also co-translational (Jan et al. 2014 ). In addition, Sec63 that mediates both SRP-independent and -dependent membrane translocation interacts with ribosomes in two ways: (i) with the hydrophobic peptide of the nascent protein when it has emerged from the ribosome and (ii) with the ribosome while the signal sequence is still within the tunnel of the ribosome (Jan et al. 2014) . Therefore, eukaryotic CNEs that localize to the tunnel might mediate binding of Sec63 as well as SRP.
Conclusions and perspectives
The invariant nature of CNEs highlights their biological importance. This report serves as a resource for future studies on the structure and function of the ribosome, highlighting areas of probable function. We identify and call attention to domain-specific CNEs that are especially prevalent in eukaryotes and likely play roles in domain-specific aspects of translation. The analysis of individual CNEs will yield additional insights into previously unknown aspects of ribosomes.
MATERIALS AND METHODS
Database construction and server construction
Ribosomal RNA data were obtained from the SILVA Reference database (Pruesse et al. 2007 ) (http://www.arb-silva.de/projects/) and curated to create the Full-Length Organismal rRNA Alignment (FLORA) database for 23S-28S rRNA sequences. FLORA contains only full-length 23S-28S rRNA sequences with only one entry per organism (see Results). Accessions that did not contain the 14-nt sarcin-ricin loop (SRL) AGUACGAGAGGAAC sequence at least 70% conserved (i.e., ≤4 mismatches) at the appropriate structural position at the 3 ′ end of 23S-28S rRNA were eliminated. To balance the distribution of representative organisms from the eukaryotic tree, an equal number of plants were removed from each subtaxon to maintain phylogenetic breadth in the plant species that were retained. Organisms in FLORA were organized into phylogenetic trees and individual position-tree servers for each domain of life were constructed using ARB (Ludwig et al. 2004 ). mismatch was determined based on total number of aligned sequences. In this calculation, an indel with one or more nucleotides inserted or deleted was penalized as a single nt mismatch. Next, the percent conservation was calculated based on the frequency of mismatches:
where L is CNE length and M is the average mismatch. The same method just described to calculate the percent conservation of a CNE within one domain was used to calculate the percent conservation of a given CNE when compared with the consensus sequence of its homologous position (based on the ARB secondary structure alignment) in each of the other two domains.
Identification of universal CNEs
To identify the universal CNEs (>6 nt), the coordinates of the CNEs in each domain of life were aligned in ARB to identify all stretches of sequence that were structurally conserved in position. The longest commonly shared core of each structurally conserved CNE was then used to define the 5 ′ -and 3 ′ -uCNE coordinates (Supplemental Fig. S2 ). To derive the uCNE consensus sequence, a consensus was derived first in each individual domain of life, before deriving the final universal sequence that represents the consensus of the three domains. An "N" is used to indicate positions where a consensus could not be derived. Percent conservation was calculated as described in the preceding section.
Statistical tests
To assess the statistical significance of the observed CNEs, we computed P-values by comparing the number of CNEs of a given length to the number of conserved sequences observed in random sequences obtained by permuting the columns of the rRNA alignment. This permutation approach generates a random alignment with the same base composition as the actual rRNA data set, but where the positions of the nucleotide similarities are not preserved. For each such random alignment, we computed the number of conserved sequences with length and information content at least as large as in the actual rRNA alignments by computing the IC of position weight matrices in sliding windows across the alignment. We used 500 permutations for all calculations. This permutation test was computed separately in each domain of life to calculate intra-domain P-values. The permutation test was also computed on the merged alignment to compute a P-value for each uCNE. From these P-values, we derived the false discovery rate (FDR) for the number of observed CNEs (Benjamini and Hochberg 1995; Siegmund et al. 2011) .
SUPPLEMENTAL MATERIAL
Supplemental material is available for this article.
